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Abstract 20 
Nitric oxide (NO) and other reactive nitrogen species (RNS) are key signalling 21 
molecules in plants, but they do not work in isolation. NO is produced in cells, often 22 
increased in response to stress conditions, but many other reactive compounds used 23 
in signalling are generated and accumulate spatially and temporally together. This 24 
includes the reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), and 25 
hydrogen sulfide (H2S). Here, the interactions with such other reactive molecules is 26 
briefly reviewed. Furthermore, along with ROS and H2S, NO will potentially 27 
contribute to the overall intracellular redox of the cell. However, RNS will exist in 28 
redox couples and therefore the influence of the cellular redox on such couples will 29 
be explored. In discussions of the aberrations in intracellular redox it is usually 30 
oxidation, so called oxidative stress, which is discussed. Here, the notion of 31 
reductive stress is looked at and how this may influence the signalling which may be 32 
mediated by NO. By getting a more holistic view of NO biology, the influence on cell 33 
activity of NO and other RNS can be more fully understood, and may lead to the 34 
elucidation of methods for NO-based manipulation of plant physiology, leading to 35 
better stress responses and improved crops in the future.  36 
  37 
INTRODUCTION 38 
There is no doubt that nitric oxide (NO) is now considered to be an immensely 39 
important signalling molecule in both animals and plants. Along with other nitrogen-40 
based reactive compounds in biological systems, NO is considered to be part of a 41 
group of molecules referred to as reactive nitrogen species (RNS). NO research in 42 
plants has spanned forty years (Kolbert et al., 2019). 43 
 The signalling in which NO is involved in animals is well established. In 44 
humans, NO is generated by three nitric oxide synthase enzymes (NOS: Tejero et 45 
al., 2019) as well as other less studied sources, such as xanthine oxidase (Tropea et 46 
al., 2018). Downstream NO is known to activate the enzyme guanylyl cyclase, 47 
leading to increased cGMP and further downstream effects. Alternatively, it can lead 48 
to post-translational modifications of proteins including the alteration of cysteine 49 
thiols and tyrosine residues. However, in plants, the system is not so well 50 
established. There is still controversy over the presence of a higher plant NOS, with 51 
papers claiming that it does not exist, or if it does, that is very hard to find (Jeandroz 52 
et al., 2016; Hancock and Neill, 2019), although a NOS has been reported in algae 53 
(Foresi et al., 2010; Astier et al., 2018). Downstream signalling through a “classical” 54 
guanylyl cyclase system is also hard to establish (Astier et al., 2019), with still many 55 
facets of NO signalling in plants not fully understood (Leon and Costa-Broseta, 56 
2020). 57 
 There is no doubt, however, that NO has many physiological effects in plants. 58 
NO has been implicated in seed germination (Arc et al., 2013), root development 59 
(Sanz et al., 2015), stomatal closure (Gayatri et al., 2013), plant reproduction 60 
(Hiscock et al., 2007), fruit ripening (Palma et al., 2019), and stress responses (Hu et 61 
al., 2017) including pathogen challenge (Mur et al., 2006). 62 
 What is also clear is that NO does not act as a lone signal in biological 63 
systems, but rather is a suite of small reactive compound which orchestrate a range 64 
of activities in cells. Many of these reactive compounds have had to be tolerated 65 
during evolution, and it appears that cells have not only adapted to their presence, 66 
but have adopted them for positive activities, such as signalling (Hancock, 2017; 67 
Gutteridge and Halliwell, 2018). Enzymes has also evolved which appear to have 68 
dedicated roles in generating reactive compounds, such as the NADPH oxidase 69 
systems. Compounds of relevance here include the reactive oxygen species, such 70 
as superoxide anions (O2·-) and hydrogen peroxide (H2O2) (Sies, 2017). Also 71 
amongst these compounds is hydrogen sulfide (H2S) (Olas, 2015), and more 72 
recently molecular hydrogen (H2) has been mooted as a signal (Li et al., 2018).  73 
 This review will discuss how NO interacts with other reactive compounds used 74 
in signalling, but will also look at how the redox status of the cell interacts with NO 75 
metabolism. Furthermore, the idea of reductive stress will be discussed, and how the 76 
alterations of redox may impinge on NO signalling. 77 
 78 
NITRIC OXIDE AS PART OF A SUIT OF REACTIVE SIGNALS 79 
NO can be produced endogenously by plants cells (reviewed by Kolbert et al., 2019), 80 
from NOS-like enzymes (Gupta et al., 2019), and with the enzyme nitrate reductase 81 
(NR) being a major protein undertaking this activity (Chamizo-Ampudia et al., 2017). 82 
It can also arrive at a plant cell from exogenous sources (Kanta Gaihre et al., 2019). 83 
However, other reactive compounds, also involved in signalling, can arrive from the 84 
outside of the cell too, as well as being endogenously produced. These include ROS, 85 
H2S and H2. Therefore, the interactions of such compounds with NO needs to be 86 
considered (Hancock and Whiteman, 2014) (Figure 1). 87 
 Of particular importance here, is that many reactive compounds are used in 88 
signalling and are generated in cells at the same time, and often in the same 89 
subcellular location, especially in times of cellular stress. Such stress may include 90 
the presence of heavy metals (Shivaraj et al., 2020), salt (Ahmad et al., 2016), 91 
temperature (Suzuki, 2019) light (Choudhury et al., 2017) or pathogens 92 
(Arasimowicz-Jelonek and Floryszak-Wieczorek, 2016). Reports can be found for the 93 
accumulation of many reactive signalling molecules in such conditions, including 94 
ROS, H2S and NO. This has been the topic of other recent reviews (Hancock and 95 
Neill, 2019), so an overview will be given here.  96 
 ROS are produced in plants cells by a variety of enzymatic and non-enzymtic 97 
systems, including from the activity of the mitochondrial electron transport chain and 98 
from photosynthesis, but of significance is the action of the family of NADPH 99 
oxidases (Qu et al., 2017), the respiratory burst oxidase homologues (RBOHs). 100 
Products of ROS metabolism include free radicals such as superoxide anion, O2·-, 101 
and hydroxyl radical (·OH), the latter which is probably the most reactive compound 102 
found in biological systems, and will react at a diffusion limited rate. Its reactions 103 
often proceeds by hydrogen abstraction, as investigated for DNA damage by this 104 
radical (Balasubramanian et al., 1998). ROS also includes non-radical forms such as 105 
hydrogen peroxide (H2O2). An over production, or accumulation, of ROS has 106 
traditionally been seen as detrimental, leading to oxidative stress. This notion will be 107 
discussed much further below, but there are a range of antioxidants which attempt to 108 
keep ROS in check (He et al., 2017), including enzymes such as superoxide 109 
dismutase (SOD) and catalase (CAT). There are also a range of small compounds 110 
which are involved, not least of which is glutathione and its metabolism (Bachhawat 111 
and Yadav, 2018). Of importance here is also the cycling of compounds such as 112 
ascorbate, as has been reviewed elsewhere (Gill and Tuteja, 2010). Many of the 113 
effects of ROS are mediated by redox proteins such as thioredoxins, which are 114 
immensely important for the control of a range of physiological and cellular events, 115 
including growth and development, metabolic control and gene expression (Gelhaye 116 
et al., 2005; Geigenberger et al., 2017). 117 
 A significant molecule in the group of reactive signals is H2S. This too has 118 
been the subject of reviews (Hancock and Whiteman, 2016; Corpas, 2019; Corpas et 119 
al., 2019). H2S can be made by plant cells and has been measured in response to a 120 
range of stresses, in a similar manner to ROS (Lisjak et al., 2013).  121 
 Perhaps surprisingly, H2 has now been suggested as a plant signalling 122 
molecule, and like other mechanisms has been reviewed relatively recently (Wilson 123 
et al., 2017). This odourless, relatively insoluble and relatively inert gas has been 124 
mooted as a potential therapy in humans (Iida et al., 2016), but also useful for 125 
agriculture (Zeng et al., 2014), as it confers stress resistance, for example (Ciu et al., 126 
2014).  127 
 What is pertinent here is how the suite of reactive signals outlined above 128 
interact, especially with NO. It has long been known that NO and ROS can interact 129 
together to produce peroxynitrite (ONOO-), which has many roles in cells including in 130 
signalling (Speckmann et al., 2016). However, this is not the only direct reaction of 131 
NO with reactive signalling compounds. NO and H2S can react together to form 132 
nitrosothiol (Whiteman et al., 2006), another downstream product which can be used 133 
as signalling molecule. However, as well as producing new molecules, the direct 134 
reactions of NO with other compounds removes the NO from being bioavailable, and 135 
so may reduce NO signalling. Lastly, it has been suggested that NO and H2 may 136 
interact, although the exact outcome has not been determined (Hancock and 137 
Hancock, 2018). Certainly, NO has been mooted as being important in mediating 138 
some of the effects of H2. For example, NO appears to mediate H2 effects in the 139 
induction of adventitious root growth in cucumber (Zhu et al., 2016). 140 
 One of the major antioxidants in cells is the tripeptide glutathione (GSH). NO 141 
can react to form S-nitrosoglutathione (GSNO), which not only removes NO but is 142 
potentially a method for NO transportation and storage (Hogg et al., 1996; 143 
Lindermayr, 2018).  144 
 As well as direct interactions with other reactive signals, NO may have several 145 
indirect effects. NO, through an action mediated by peroxynitrite, can alter 146 
superoxide dismutase (SOD) activity, and so alter the amount of both O2·- and H2O2 147 
in a cell (Holzmeister et al., 2015). NO can also modulate the activity of catalase, so 148 
altering H2O2 mediated signalling (Bauer, 2015; Rodríguez-Ruiz et al., 2019). As 149 
already mentioned, the antioxidant GSH may be removed by NO (to make GSNO), 150 
so there is a significant capacity for NO to alter ROS metabolism and hence 151 
signalling. H2S can increase glutathione levels in cells in animals (Parsanathan and 152 
Jain, 2018) and plants (de Kok et al., 1985) which can impinge on its availability for 153 
reactions with NO, as well modulating its role in ROS metabolism and controlling 154 
cellular redox (Schafer and Buettner, 2001).  155 
 NO may also have the ability to modulate the rates of the generation of 156 
reactive signalling molecules. For example, in human endothelial cells NO reduces 157 
NADPH oxidase activity (Selemidis et al., 2007). A similar effect is seen in plants, 158 
where NO donors and peroxynitrite both reduced RBOH activity (Chu-Puga et al., 159 
2019). 160 
 The alteration of protein activity is often through the modification of thiol 161 
groups on cysteine residues (Figure 2). Oxidation can lead to the formation of 162 
disulfide bonds, if two thiols are in the correct three dimensional orientation. Single 163 
thiols can be oxidised to the sulfenic acid, sulfinic acid and sulfonic acid groups, 164 
depending on the concentration of hydrogen peroxide in the vicinity of the protein. 165 
Sulfenic acid can be converted back to the thiol group, so this modification is akin to 166 
phosphorylation, in that the two states can be toggled between (Couturier et al., 167 
2013). Significant signalling proteins, such as tyrosine phosphatase, can have their 168 
activity altered in this way; in this case, inhibition (Denu and Tanner,1998). 169 
Alternatively, the thiol group may be covalently modified by NO, to create to the –170 
SNO group. This process is S-nitrosation, commonly referred to as S-nitrosylation 171 
(Lindermayr and Saalbach, 2005). Again, this can be converted back to the –SH 172 
group, allowing the activity of proteins to be toggled between two states. It should be 173 
noted that S-nitrosylation and S-nitrosation are chemically different as explained by 174 
Heinrich et al. (2013). 175 
 Other thiol modifications are seen too. H2S can modify thiols in a process 176 
known as persulfidation (often referred to as S-sulfhydration: for a paper on 177 
terminology in plant NO research see Gupta et al., 2019) (Aroca et al., 2018). 178 
Alternatively, thiols are also able to react with glutathione, a process called S-179 
glutathionlyation (Mailloux and Treberg, 2016). It can be seen therefore that the 180 
accessible thiol groups of proteins are a point of possible competition between a 181 
range of reactive molecules used in signalling, including NO. Which of the final 182 
protein products is created must be determined by the relative concentrations of the 183 
reactive compounds in the vicinity of that protein. This will be determined by a range 184 
of factors. This includes the rate of production, the rate of removal, or the other 185 
reactions in which that molecule may partake. All these factors can be influenced by 186 
the local concentration of NO, which itself will be affected by the presence of the 187 
other signalling molecules. Therefore, it must be a complex interplay between all 188 
these compounds, and the final result will be determined by the local conditions 189 
prevailing for a particular polypeptide. This will, of course, be influenced by the likely 190 
compartmentalisation of the signals, a topic covered by a recent review on NO 191 
(Hancock, 2019). 192 
 NO may also alter a protein’s activity through tyrosine nitration (Kolbert et al., 193 
2017). As with S-nitrosation, nitration of an amino acid, in this case the addition of a 194 
NO moiety to a tyrosine side group to form a nitrotyrosine group (Corpas et al., 195 
2009),  can alter the conformation of a polypeptide and hence control its activity. 196 
Although originally thought to be an irreversible change to a protein, to be useful for 197 
signalling, such modifications should be a reversible reaction (Kolbert et al., 2017), 198 
as seen with S-nitrosation (Gould et al., 2013). 199 
 Lipids can also be modified by NO, and this may impact on whether NO can 200 
freely transverse membranes. The product may be a signalling molecule too, so this 201 
broadens the scope for NO-based signal transduction (Mata-Pérez et al., 2016). 202 
 It is clear, therefore, that NO cannot act alone. It will be produced and 203 
accumulate in cellular compartments in which other similarly reactive compounds will 204 
be generated, setting up possible competitions between this suite of signalling 205 
molecules. New products and signals are produced, whilst the end result may be the 206 
alteration of protein activities. A good example is that of glyceraldehyde-3-phosphate 207 
dehydrogenase (GAPDH), which can be modified in numerous ways, including by 208 
NO, ROS and H2S. This is a classic example of a moonlighting protein (Jeffery, 209 
2018), i.e., that is one that has more than one defined activity. GAPDH would 210 
normally have activity in the cytoplasm, where it partakes in the sixth step of 211 
glycolysis. However, despite this being a crucial activity for cells, GAPDH can be 212 
post-translationally modified, including by oxidation by ROS and S-nitrosation by NO. 213 
Once modified GAPDH can partake in a range of supplementary events in the cell, 214 
but one of the most important is that it can translocate to the nucleus where it is 215 
involved in the control of gene expression. Such GAPDH modifications, and the 216 
range of moonlighting activities of this enzyme, has been the subject of a recent 217 
review (Russell et al., 2020), and the influence of such mechanisms has been 218 
reported in plants (Wang et al., 2017). Here, the authors report that GAPDH is a 219 
direct target of NO and is involved in a mechanism which alters root growth.  220 
 221 
REDOX AND ITS INFLUENCE ON NO METABOLISM 222 
The redox environment within a cell is important to consider (Jones and Sies, 2015), 223 
especially when working with redox active compounds such as NO. This is also 224 
important to consider when a pharmacological approach is used to manipulate cell 225 
function. With nitric oxide, in most cases, it is assumed that the NO exists as the free 226 
radical (NO·), but it can gain and lose electrons so has in fact three redox states: the 227 
radical form NO·, nitroxyl (NO−) and nitrosonium (NO+) ions (Lancaster Jr, 2015). 228 
Different NO donor molecules may deliver different forms of NO and their chemistry 229 
is not the same. Therefore, even with NO itself, presence of absence of electrons is 230 
important, and emphasises why looking at the cellular redox state is crucial to an 231 
understanding of NO metabolism. 232 
 The intracellular redox state is relatively reducing. This is partly to maintain 233 
cofactors such as NAD(P)H in their reduced state so that they can partake in 234 
metabolism (Bücher et al., 1972). Glutathione plays a major role in the maintenance 235 
of the cellular redox. However, its influence is complex. Often the redox of the cell is 236 
measured by assaying the amount of glutathione present in both of its redox states. 237 
Glutathione undergoes the reaction: 2GSH (reduced) → GSSG(oxidised). The 238 
concentration of these, and therefore total glutathione, can be measured (Rahman et 239 
al., 2006), and then the ratio of the reduced and oxidised forms can be used to 240 
measure the cellular redox (Eh) using the Nernst equation (Equation 1) and the 241 
reported Em for glutathione (Rost and Rapoport, 1964): 242 
 243 
Equation 1: The Nernst Equation (redox equation) assuming an intracellular pH of 244 
7.4. Eh: redox potential; Em(pH7.4): midpoint potential of redox couple at pH7.4; R: Gas 245 
Constant; T: temperature in Kelvin; F: Faraday Constant; n: number of electrons 246 
used in oxidation/reduction. 247 
 248 
Eh = Em(pH7.4) + RT x 2.303Log [oxidised] 249 
         nF         [reduced] 250 
 251 
However, as explored by Schafer and Buettner (2001), as there are two GSH 252 
molecules needed to make one GSSG the Nernst equation becomes a squared 253 
equation. This means that the overall redox state is also related to the total 254 
concentration of glutathione, and not just the ratio of oxidised to reduced molecules. 255 
Although the glutathione concentration in cells is often relatively high, often mM, it is 256 
also not static. Glutathione can be made by cells (Forman, 2016), which may be 257 
influenced by the presence of H2S (de Kok et al., 1985; Parsanathan and Jain, 258 
2018), and can be lost from cells (Ghibelli et al., 1995), so potentially altering cellular 259 
redox. 260 
 However, glutathione is not the only molecule which helps to control the cell’s 261 
redox state. Other abundant low-molecular weight (LMW) thiols include cysteine 262 
(Cys), cysteinyl-glycine (Cys-Gly) and γ-glutamyl-cysteine (γ-Glu-Cys). Up to 25% of 263 
the total thiol concentration may be composed of such compounds, and therefore 264 
their influence should not be underestimated. Their levels also change with time as 265 
physiology changes, such as in seed aging (Birtic et al., 2011). 266 
 On a background of the redox status of cells being controlled by thiols, the 267 
metabolism of ROS, RNS and H2S has to be considered. There are two things to 268 
think about here: how does RNS metabolism influence cellular redox; how does 269 
cellular redox influence RNS metabolism (Hancock and Whiteman, 2018). If ROS is 270 
looked at as a parallel, it is usually the influence of the presence of ROS which is 271 
thought to be important, and an imbalance of ROS can be said to lead to oxidative 272 
stress. More recently literature has started to see the phrase nitrosative stress 273 
(Corpas et al., 2007), although the term nitro‐oxidative stress has also been 274 
suggested as being more all-encompassing (Gupta et al., 2020). The over 275 
accumulation of ROS and/or RNS can lead to alterations of the redox state of the 276 
cell. It was suggested by Schafer and Buettner (2001) that to get a true picture all the 277 
redox-influencing molecules should be considered, and they mooted Equation 2.  278 
 279 
 Equation 2: (Ei is the half-cell reduction potential of the redox couple of 280 
interest (Schafer and Buettner, 2001)).  281 
 282 
    n (couple) 283 
  Redox environment = Σ Ei x [reduced species]i 284 
        i-1 285 
 286 
To get a full picture for this, not only will all the redox active compounds need to be 287 
known, but their interactions, and how they influence each other’s accumulation will 288 
also need to be considered. Of course this is a very dynamic system too, as well as 289 
being compartmentalised.  290 
 The intracellular redox of cells has been estimated (Hwang et al., 1992; Jones 291 
et al., 1995; Hutter et al., 1997; Jones et al., 2000; Kirlin et al., 1999; Cai et al., 292 
2000), and in their review Schafer and Buettner (2001) suggested that the average 293 
status of the cell is approximately -242mV. It was suggested that as the redox 294 
potential rises cells are likely to differentiate, rather than be in a proliferate state (as 295 
the redox becomes approximately -200mV), but it if the redox is raised too far, to 296 
around -170mV, apoptosis is initiated (Schafer and Buettner, 2001). Generation by, 297 
or arrival of RNS at, a cell will therefore feed into this overall redox. It will not just be 298 
ROS which contributes to these fluctuating redox states, but all the other reactive 299 
compounds too, including NO and H2S.  300 
 It has been suggested that the cellular redox, to sustain cellular health, is 301 
maintained in what has been dubbed the “Goldilocks Zone” (Figure 3: Alleman et al., 302 
2014). Here, the redox status of the cell is suggested to be able to alter, perhaps 303 
fluctuate, but the intracellular Eh needs to stay within defined limits. Outside of those 304 
limits the activity of the cell may be altered. For example, if the Eh becomes too 305 
positive then oxidative stress will occur, leading to cell damage and even the initation 306 
of apoptosis (Schafer and Buettner, 2001). Alteration of the Eh in the opposite 307 
direction may lead to reductive stress. Both endogenous enzymes and small 308 
molecular antioxidants will help remove ROS and other reactive compounds to 309 
ensure cells are held within these redox limits.  310 
 Over accumulation of ROS and RNS may also increase downstream 311 
signalling, through the additional modifications of thiol groups, and perhaps elevated 312 
levels of tyrosine nitration of proteins (Corpas et al., 2009; Kolbert et al., 2017), or 313 
the formation of nitro-fatty acids (Mata-Pérez et al., 2016). Many cellular stress 314 
responses lead to enzymatic generation of ROS, RNS and H2S, which can lead to 315 
altered gene expression and adaptation to manage future stress (Huang et al., 316 
2019). 317 
 Effects of redox on NO have been considered previously (Hancock and 318 
Whiteman, 2018; Hancock, 2019). Using the published values for Em for relevant 319 
couples (as also discussed and used below), the ratios of those redox couples was 320 
calculated at Eh values of -390mV, -242mV, -200mV and -170mV, which were values 321 
highlighted previously for the intracellular redox poise (Schafer and Buettner, 2001). 322 
The salient points which relate to NO metabolism will be revisited here. Some NO-323 
based redox couples would not be affected if the intracellular redox became more 324 
oxidising. With an Em of +1210 mV (Koppenol, 1997), an alteration of a redox from -325 
240mV to -200mV (Schafer and Buettner, 2001) would have negligible effect on the 326 
NO+/NO· couple. The NO·/NO- (singlet) couple has an Em of approximately -350 mV 327 
(Koppenol, 1997). This is relatively near the -242 to -170 mV redox of the cell 328 
(Schafer and Buettner, 2001) and potentially the ratio of forms in this couple will be 329 
influenced by this change. The NO· form is favoured (Hancock and Whiteman, 2018; 330 
Hancock, 2019) under more oxidising conditions. As this is the form usually 331 
associated with NO signalling, it could be mooted that as the redox changes to 332 
become oxidising there would be an increase in NO signalling, perhaps allowing it to 333 
persist for longer. This could drive cells towards a programmed cell death state, as 334 
seen for example, in the hypersensitive response (HR). Plants can have 335 
mechanisms of microbe-associated molecular patterns (MAMP)-triggered immunity 336 
(MTI) and effector-triggered immunity (ETI), with the death of cells being an effective 337 
way to limit pathogen spread. NO is involved in such processes (Coll et al., 2011), so 338 
increased NO signalling may be significant here.  339 
 NO is involved in posttranslational modifications of proteins, as discussed 340 
above, and these can be influenced by redox states too. The RSNO/RSH couple has 341 
an Em of -400 mV (Koppenol, 1997). This would favour the RSNO form as the 342 
intracellular redox becomes more oxidising. Therefore, as the NO levels rises -SNO 343 
signalling increases, and if this is accompanied by rises in oxidising ROS such as 344 
H2O2, the NO signalling would be reinforced, and perhaps prolonged. Both ROS and 345 
NO signalling would be working in the same direction. 346 
H2S accumulation has been mooted to be a brake-point for NO and ROS 347 
signalling (Hancock and Whiteman, 2014), perhaps through the removal of NO by 348 
creating the nitrosothiol (Whiteman et al., 2006). With an Em of -200 mV (Li and 349 
Lancaster Jr, 2013), the S/H2S couple would not favour the H2S form as the redox 350 
becomes oxidising, so favouring NO signalling, which again reinforces the NO 351 
signalling which the other effects of redox change are driving.  352 
 353 
REDUCTIVE STRESS 354 
Historically the literature on the detrimental effects of ROS and redox has focused on 355 
oxidative stress, that is, the intracellular environment becoming more oxidizing. 356 
However, the opposite can also take place, that is, reductive stress. A search in 357 
PubMed in January 2020 for oxidative stress listed 222379 articles, with the phrase 358 
in the title of 48660. In a similar search for reductive stress only 872 were listed, with 359 
the phrase in the title in only 66: 9 in 2019 and 4 in 2018. Interestingly, that is 20% in 360 
the last 2 years. It is a subject which is getting more traction, and therefore needs to 361 
be considered when discussing NO metabolism. 362 
 Reductive stress is when the redox in the cell becomes too reducing, rather 363 
than oxidising. This means that the redox drops outside of the Goldilocks Zone 364 
mooted by Alleman et al. (2014), as shown in Figure 3. This, like oxidative stress, 365 
can be detrimental to cells. It is mediated by changes in the ratios of the oxidized 366 
forms and reduced forms of the major redox mediators in cells, namely NADH, 367 
NADPH and glutathione (Xiao and Loscalzo, 2019). Physiological responses may 368 
include increased autophagy (Pan et al. 2019a). The downstream signalling in 369 
reductive stress responses may involve MAP kinase and Akt pathways. (Carne et al., 370 
2019), as well as events in the nucleus through Nrf2 and NF-κB mediated events 371 
(Quiles et al., 2017; Bellazza et al., 2018). Hence, reductive stress has been 372 
implicated in the onset and progression of several human diseases (Pérez-Torres et 373 
al., 2017). 374 
 Much of the work on reductive stress has been carried out on animal systems. 375 
Several papers report on how reductive stress impinges on cancer progression. The 376 
increased production of GSH and reduced ROS accumulation in a breast cancer line 377 
led to reductive stress and increased cell growth (Kim et al., 2020). By measuring 378 
NAD(P)H levels as an assay for redox, Pan et al. (2019b) suggested that under 379 
hypoxia cancer cell death is induced by natural antioxidants, which is mediated by 380 
reductive stress. Others have also suggested methods for assaying reductive stress 381 
(Ao et al., 2017), and report that such techniques can distinguish between normal 382 
and cancer cells (Niu et al., 2019).  383 
 Induction of reductive stress has also be mooted as a treatment against 384 
cancer, where NADPH levels are altered by ascorbate, with cancer cells being 385 
particularly susceptible (Gao et al., 2019).  386 
 Reductive stress can be induced, either chemically (Tirla and Rivera-Fuentes, 387 
2018), or physiologically in animals, as seen with exercise (Wadley et al., 2018), and 388 
has been reported to help against oxidative stress in mononuclear cells (Spanidis et 389 
al., 2018).  390 
 It is not only animals cells which have been studied. The effects of reductive 391 
stress in Mycobacterium tuberculosis has been reviewed recently (Singh et al., 392 
2019), with the suggestion that it may be a target for new therapies. Other species 393 
studied include Candida albicans, where, not surprisingly, glutathione was found to 394 
be major factor mediating the effects (Jia et al., 2019). In the yeast, Saccharomyces 395 
cerevisiae, thioredoxins were found to be used to mediate against reductive stress 396 
(Trotter and Grant, 2002). 397 
 To date, very little literature seems to be dedicated to reductive stress in 398 
plants. The effects on metallothioneins in Quercus suber (cork oak) were 399 
investigated by Raman spectroscopy and reductive stress was found to alter the 400 
proteins’ structures (Torreggiani et al., 2009). More recently, in Arabidopsis the 401 
enzymes thimet metalloendopeptidase 1 (TOP1) and thimet metalloendopeptidase 2 402 
(TOP2) were studied under redox stress conditions, including reductive stress. TOP1 403 
was sensitive, whereas TOP2 was not (Almohanna, 2019). Clearly, there is still 404 
much to learn about how reductive stress contributes to redox metabolism in plants. 405 
It will be important to determine if reductive stress is likely under physiological 406 
conditions in plants. As discussed, the cellular redox status will depend on the ratio 407 
of redox couples such as NADH/NAD+, NADPH/NADP+ and GSH/GSSG. It has been 408 
suggested that the redox state of NADPH/NADP+ will vary under fluctuating light and 409 
that it would be most reducing when light levels are very high (Hashida and Kawai-410 
Yanada, 2019). Although the study used mutants of Arabidopsis thaliana, high light 411 
increased antioxidant levels, particularly α-tocopherol and ascorbate (Golan et al., 412 
2006), so potentially pushing the intracellular redox to be more negative. Plants will 413 
be exposed to H2S from the atmosphere (Ausma and De Kok, 2019), or H2S may be 414 
used as a treatment to mitigate against plant stress (e.g. Du et al., 2017). Increased 415 
H2S in cells may increase glutathione, and so alter the redox status (de Kok et al. 416 
1985). It would be important to know how such alterations effect the redox couples in 417 
cells, and hence potentially alter NO and/or ROS signalling. Of course, not all plant 418 
cells or tissues are the same, so not all are photosynthetic, and many may have 419 
different conditions, such as low oxygen if roots are flooded, for example. It has 420 
already been suggested that NO may be important as part of the response to 421 
hypoxia in plant cells (Borisjuk and Rolletschek, 2008; Gupta et al., 2020), conditions 422 
which may cause reductive stress in cells (Gores et al., 1989). Furthermore, as 423 
discussed elsewhere in this paper, cells are compartmentalised (Hancock, 2019). Of 424 
relevance here, it has been reported that the highest levels of glutathione are found 425 
in the mitochondria, which have no glutathione biosynthesis (Zechmann et al., 2008). 426 
Therefore reductive stress and NO metabolism may impinge on each other in certain 427 
intracellular regions. It is therefore not unlikely that reductive stress can have 428 
physiological relevance to plant cells, and it may therefore have an impact on redox 429 
signalling.  430 
 NO metabolism was affected by oxidative stress, as discussed above. 431 
Reductive stress would intuitively do the opposite, but it would depend on the Em of 432 
the redox couple being considered. If the cellular redox is around -240mV (Schafer 433 
and Buettner, 2001), but the Em of the redox couple of interest is very much higher, 434 
perhaps +200mV, then the effects of moving the cellular redox 20-30mV more 435 
reducing would be negligible. However, if the Em is around the cellular redox, then 436 
effects could be seen.  437 
 In the above discussion the effects of the intracellular redox becoming more 438 
oxidising were discussed, so what happens if the redox becomes more reducing? 439 
With an Em of +1210 mV (Koppenol, 1997), an alteration of a redox to be more 440 
negative will have no effect on the NO+/NO· couple. On the other hand, the NO·/NO- 441 
(singlet) couple has an Em of approximately -350 mV (Koppenol, 1997), which is 442 
relatively near the -242/-170 mV redox of the cell (Schafer and Buettner, 2001). A 443 
change to a more reduced state will potentially alter the ratio of forms in this couple. 444 
The NO· form is favoured (Hancock and Whiteman, 2018; Hancock, 2019) on 445 
oxidation, which suggests that NO signalling may be enhanced. Going the other way, 446 
a reductive redox would lower the amount of NO signalling, perhaps curtailing it. It 447 
would potentially reduce the capacity for further interactions of NO with other 448 
reactive compounds too.  449 
An over-reducing environment would also affect the way NO is involved in 450 
posttranslational modifications of proteins as well. As discussed above, the 451 
RSNO/RSH couple has an Em of -400 mV (Koppenol, 1997). This would not favour 452 
the RSNO form as the intracellular redox becomes more reducing. Therefore, as the 453 
NO levels rises and -SNO signalling increases, a reductive environment would 454 
counter this and reduce the NO signalling which is mediated by this protein 455 
modification. A rise in GSH, perhaps because an accumulation of H2S, would 456 
counter the NO signalling which is being initiated. 457 
 With H2S accumulation being mooted to be a brake-point for NO and ROS 458 
signalling (Hancock and Whiteman, 2014), a reducing environment would favour the 459 
H2S form of the S/H2S couple (Em of -200 mV: Li and Lancaster Jr, 2013), and so 460 
potentially reduced the capacity for NO signalling. Therefore, an accumulation of H2S 461 
would increase GSH, drive the redox environment to be more negative, and 462 
therefore prolong the potential for H2S to interfere with NO signalling.  463 
 Overall, an oxidising redox inside the cell will be helping to drive NO signalling 464 
to be prolonged, whereas a reductive environment will be curtailing NO signalling. 465 
Both these scenarios will be greatly influenced by the local generation, or arrival, of 466 
ROS and H2S, which are likely to the produced spatially and temporally with NO, 467 
especially under stress conditions. Further details on the effect of redox on NO 468 
couples, along many others involved in reactive molecule signalling, has been 469 
previously published (Hancock and Whiteman, 2018; Hancock, 2019). 470 
 471 
CONCLUSION AND FUTURE PERSPECTIVES 472 
It is clear from the literature that NO is a key molecule which aids in the orchestration 473 
of a wide range of plant physiological responses. However, the effects of NO should 474 
not be considered in isolation from other reactive signalling molecules. NO can be 475 
endogenously generated in a plant cell by non-enzymatic mechanisms as well as 476 
NOS-like enzymes or NR, but the increase of NO is often accompanied by the 477 
accumulation of other reactive molecules, such as ROS and H2S. These may be 478 
being used as signals in their own right, but they may also react with NO (Figure 1). 479 
The corollary of this is that the bioactivity of NO may be reduced, whilst new 480 
signalling molecules may be being generated, such as peroxynitrite (Speckmann et 481 
al., 2016) and nitrosothiol (Whiteman et al., 2006). NO may also indirectly affect the 482 
metabolism of these other signals, for example by altering levels of antioxidants 483 
which can modulate ROS levels in cells, or modulating the activity of enzymes 484 
generating other reactive signals such as ROS. Therefore, there is a complex 485 
interplay between NO metabolism and the metabolism of ROS and sulfur-based 486 
compounds such as H2S.  487 
 Many of the downstream effects of NO and other reactive signalling molecules 488 
are mediated by post-translational modifications of proteins. In particular are the 489 
alterations of thiol groups, which can be modified in a variety of ways, including 490 
oxidation, S-nitrosation and persulfidation (see Figure 2). This suggests that there is 491 
a potential competition for reacting with thiol groups and the ultimate result will 492 
depend on the relative local concentrations of the reactants, which may be 493 
influenced how these reactive compounds react together but also by 494 
compartmentalisation of reactive molecules (Hancock, 2019). Bioavailability of 495 
molecules will be key to how they influence downstream signalling. 496 
 The influence of ROS and NO is often considered, with studies on oxidative 497 
stress, and more recently nitrosative stress and nitro‐oxidative stress (Corpas et al., 498 
2007; Gupta et al., 2019) being regularly published. However, rarely are the effects 499 
of the intracellular redox status of the cell on NO considered (Hancock and 500 
Whiteman, 2018). It should be remembered that these redox compounds, such as 501 
NO, are being generated, or arriving, into a redox environment to which they will not 502 
be immune. If the redox mid-point potential of a redox couple is near the redox status 503 
of the medium in which it finds itself, then that redox medium might have an 504 
influence. This can impact on the severity and longevity of the signalling which that 505 
redox active molecule can enact.  506 
 Historically, studies have looked at what happens as the intracellular redox 507 
poise of a cell becomes more oxidising, in the process known as oxidative stress. 508 
However, many organisms, including yeast and humans, the idea of the intracellular 509 
redox becoming too reducing is being more fully understood. The process of 510 
reductive stress has not been widely discussed in plants. The over accumulation of 511 
reduced nicotinamide compounds such as NADH and NADPH, as well as the 512 
changing redox caused by glutathione can lead to the intracellular redox becoming 513 
more negative than it should, causing a stress which can be harmful. Alleman et al. 514 
(2014) have mooted the idea of a redox “Goldilocks Zone”. Cells would work to keep 515 
the redox within defined limits. Too oxidising and cells may change their behaviour, 516 
as suggested by Schafer and Buettner (2001), perhaps differentiating or entering a 517 
programmed cell death mechanism. However, moving the redox from this defined 518 
zone to being over-reducing can also have negative effects. It may also potentially 519 
impinge on the signalling which can be transmitted by a range of reactive molecules, 520 
including ROS and NO. Clearly, the physiological conditions under which reductive 521 
stress in plant cells may be induced need to be understood, as well as the 522 
downstream effects of intracellular reduction. This may be of particular relevance if 523 
treatments mooted for plants impinge on redox metabolism, such as those based on 524 
H2S, which may alter glutathione metabolism (de Kok et al., 1985). 525 
 Although it is clear that NO is a hugely important signalling molecule, there 526 
are still many aspects which are not fully understood. The reactions of NO, and other 527 
RNS, with a range of cellular components needs to be fully elucidated. The manner 528 
in which ROS, RNS and H2S potentially alter the intracellular redox, and how that 529 
reciprocally alters signalling needs to be unravelled. Finally, the potential for cells to 530 
undergo reductive stress is clearly under studied.  531 
 The treatment of plants with NO or H2S releasing compounds has been 532 
suggested to be advantageous to plant growth, survival and crop yield. Such 533 
treatments allow plants to survive stress (for example: da-Silva et al., 2018). 534 
However, to use such manipulations to full advantage, a better understanding of how 535 
these compounds behave in plant cells is needed.  536 
 537 
COMPETING INTERESTS STATEMENT 538 
The authors confirm that they have no competing interests. 539 
 540 
DATA AVAILABILITY STATEMENT 541 
No primary data was presented in this paper.  542 
 543 
ACKNOWLEDGEMENTS 544 
The authors would like to thank the University of the West of England, Bristol, for 545 
support in writing this paper. 546 
 547 
AUTHORS’ CONTRIBUTIONS 548 
JTH initiated this paper and did most of the writing of the manuscript. DV was 549 
involved in discussions about the science and was instrumental in editing the 550 
manuscript for clarity.  551 
 552 
REFERENCES  
Ahmad P, Abdel Latef AA, Hashem A, et al. 2016. Nitric oxide mitigates salt stress 
by regulating levels of osmolytes and antioxidant enzymes in chickpea. 
Frontiers in Plant Science 7, 347. 
Alleman RJ, Katunga LA, Nelson MA, et al., 2014. The "Goldilocks Zone" from a 
redox perspective-Adaptive vs. deleterious responses to oxidative stress in 
striated muscle. Frontiers in Physiology 5, 358. 
Almohanna T. 2019. Biochemical characterization and regulatory mechanisms of 
plant thimet oligopeptidases under oxidative and reductive stress. PhD 
Thesis. Mississippi State University. 
Ao X, Bright SA, Taylor NC, et al., 2017. 2-Nitroimidazole based fluorescent 
probes for nitroreductase; monitoring reductive stress in cellulo. Organic & 
Biomolecular Chemistry 15, 6104-6108. 
Arasimowicz-Jelonek M, Floryszak-Wieczorek J. 2016. Nitric oxide in the 
offensive strategy of fungal and oomycete plant pathogens. Frontiers in Plant 
Science 7, 252. 
Arc E, Galland M, Godin B, et al., 2013. Nitric oxide implication in the control of 
seed dormancy and germination. Frontiers in Plant Science 4, 346. 
Aroca A, Gotor C, Romero LC. 2018. Hydrogen sulfide signaling in plants: 
emerging roles of protein persulfidation. Frontiers in Plant Science 9, 1369. 
Astier J, Jeandroz S, Wendehenne D. 2018. Nitric oxide synthase in plants: the 
surprise from algae. Plant Science 268, 64-66. 
Astier J, Mounier A, Santolini J, et al., 2019. The evolution of nitric oxide signalling 
diverges between the animal and the green lineages. Journal of Experimental 
Botany (in press). 
Ausma T, De Kok LJ. 2019. Atmospheric H2S: impact on plant functioning. Frontiers 
in Plant Science 10, 743. 
Bachhawat AK, Yadav S. 2018. The glutathione cycle: Glutathione metabolism 
beyond the γ-glutamyl cycle. IUBMB Life 70, 585-592. 
Balasubramanian B, Pogozelski WK, Tullius TD. 1998. DNA strand breaking by 
the hydroxyl radical is governed by the accessible surface areas of the 
hydrogen atoms of the DNA backbone. Proceedings of the National Academy 
of Science, USA 95, 9738-9743. 
Bauer, G. 2015. Increasing the endogenous NO level causes catalase inactivation 
and reactivation of intercellular apoptosis signaling specifically in tumor cells. 
Redox Biology 6, 353-71. 
Bellezza I, Giambanco I, Minelli A, et al., 2018. Nrf2-Keap1 signaling in oxidative 
and reductive stress. Biochimica et Biophysica Acta - Molecular Cell 
Research. 1865, 721-733.  
Birtic S, Colville L, Pritchard HW, et al. 2011. Mathematically combined half-cell 
reduction potentials of low-molecular-weight thiols as markers of seed ageing. 
Free Radical Research 45, 1093-1102. 
Borisjuk L, Rolletschek H. 2008. Nitric oxide is a versatile sensor of low oxygen 
stress in plants. Plant Signaling and Behavior 3, 391-393. 
Bücher T, Brauser B, Conze A, et al., 1972. State of oxidation-reduction and state 
of binding in the cytosolic NADH-system as disclosed by equilibration with 
extracellular lactate/pyruvate in hemoglobin-free perfused rat liver. European 
Journal of Biochemistry 27, 301-317. 
Cai JY, Wallace DC, Zhivotovsky B, et al. 2000. Separation of cytochrome c-
dependent caspase activation from thiol-disulfide redox change in cells 
lacking mitochondrial DNA. Free Radical Biology and Medicine 29, 334-342. 
Carne NA, Bell S, Brown, AP, et al., 2019. Reductive stress selectively disrupts 
collagen homeostasis and modifies growth factor-independent signaling 
through the MAPK/Akt pathway in human dermal fibroblasts. Molecular and 
Cellular Proteomics 18, 1123-1137. 
Chamizo-Ampudia A, Sanz-Luque E, Llamas A, et al., 2017. Nitrate reductase 
regulates plant nitric oxide homeostasis. Trends in Plant Science 22, 163-174. 
Choudhury FK, Rivero RM, Blumwald E, et al. 2017. Reactive oxygen species, 
abiotic stress and stress combination. Plant Journal 90, 856-867. 
Chu-Puga A, González-Gordo S, Rodríguez-Ruiz M, et al., 2019. NADPH oxidase 
(Rboh) activity is up regulated during sweet pepper (Capsicum annuum L.) 
fruit ripening. Antioxidants, 8 (1). 
Ciu W, Fang P, Zhu K, et al., 2014, Hydrogen-rich water confers plant tolerance to 
mercury toxicity in Alfalfa seedlings. Ecotoxicology and Environmental Safety 
105, 103-111. 
Coll N, Epple P, Dangl J. 2011. Programmed cell death in the plant immune 
system. Cell Death Differentiation 18, 1247–1256. 
Corpas FJ. 2019. Nitric oxide and hydrogen sulfide in higher plants under 
physiological and stress conditions. Antioxidants (Basel) 8, 457. 
Corpas FJ, Chaki M, Leterrier M, et al. 2009. Protein tyrosine nitration: a new 
challenge in plants. Plant Signaling and Behavior 4, 920-923. 
Corpas FJ, González-Gordo S, Cañas A, et al., 2019. Nitric oxide and hydrogen 
sulfide in plants: which comes first? Journal of Experimental Botany 70, 4391-
4404. 
Corpas FJ, Del Rio LA, Barroso JB. 2007. Need of biomarkers of nitrosative stress 
in plants. Trends in Plant Science 12, 436-438. 
Couturier J, Chibani K, Jacquot J-P, et al., 2013. Cysteine-based redox regulation 
and signaling in plants. Frontiers in Plant Science 4, 105. 
da-Silva CJ, Mollica DCF, Vicente MH, et al., 2018. NO, hydrogen sulfide does not 
come first during tomato response to high salinity. Nitric Oxide 76, 164-173. 
De Kok LK, Bosma W, Maas FM, et al., 1985. The effect of short‐term H2S 
fumigation on water‐soluble sulphydryl and glutathione levels in spinach. Plant 
Cell and Environment 8, 189-194. 
Denu JM, Tanner KG.1998. Specific and reversible inactivation of protein tyrosine 
phosphatases by hydrogen peroxide: evidence for a sulfenic acid intermediate 
and implications for redox regulation. Biochemistry 37, 5633-5642. 
Du X, Jin Z. Liu D, et al. 2017. Hydrogen sulfide alleviates the cold stress through 
MPK4 in Arabidopsis thaliana. Plant Physiology and Biochemistry 120, 112-
119. 
Foresi N, Correa-Aragunde N, Parisi G, et al. 2010, Characterization of a nitric 
oxide synthase from the plant kingdom: NO generation from the green alga 
Ostreococcus tauri is light irradiance and growth phase dependent. Plant Cell 
22, 3816-3830. 
Forman HJ. 2016. Glutathione – From antioxidant to post-translational modifier. 
Archives of Biochemistry and Biophysics 595, 64-67. 
Gao X, Wei K, Hu B, et al., 2019. Ascorbic acid induced HepG2 cells' apoptosis via 
intracellular reductive stress. Theranostics 9, 4233-4240. 
Gayatri G, Agurla S, Raghavendra AS. 2013. Nitric oxide in guard cells as an 
important secondary messenger during stomatal closure. Frontiers in Plant 
Science 4, 425. 
Geigenberger P, Thormählen I, Daloso DM, et al. 2017. The unprecedented 
versatility of the plant thioredoxin system. Trends in Plant Science 22, 249-
262. 
Gelhaye E, Rouhier N, Navrot N, et al. 2005. The plant thioredoxin system. Cellular 
and Molecular Life Sciences 62, 24-35. 
Ghibelli L, Coppola S, Rotlilio G, et al. 1995. Non-oxidative loss of glutathione in 
apoptosis via GSH extrusion. Biochemical and Biophysical Research. 
Communications 216, 313-320. 
Gill SS, Tuteja N. 2010. Reactive oxygen species and antioxidant machinery in 
abiotic stress tolerance in crop plants. Plant Physiology and Biochemistry 48, 
909-930. 
Golan T, Müller-Moulé P, Niyogi KK. 2006. Photoprotection mutants of Arabidopsis 
thaliana acclimate to high light by increasing photosynthesis and specific 
antioxidants. Plant Cell and Environment 29, 879-887. 
Gores GJ, Flarsheim CE, Dawson TL, et al. 1989. Swelling, reductive stress, and 
cell death during chemical hypoxia in hepatocytes. American Journal of 
Physiology 257, C347-C354. 
Gould N, Doulias P-T, Tenopoulou M, et al. 2013. Regulation of protein function 
and signaling by reversible cysteine S-nitrosylation. Journal of Biological 
Chemistry 288, 26473-26479. 
Gupta KJ, Hancock JT, Petrivalsky M, et al., 2019. Recommendations on 
terminology and experimental best practice associated with plant nitric oxide 
research. New Phytologist 225, 1828-1834. 
Gupta JK, Mur LAJ, Wany A, et al. 2020. The role of nitrite and nitric oxide under 
low oxygen conditions in plants. New Phytologist 225, 1143-1151. 
Gutteridge JMC, Halliwell B. 2018. Mini-review: Oxidative stress, redox stress or 
redox success? Biochemical and Biophysical Research Communications 502, 
183-186. 
Hancock JT. 2017. Harnessing evolutionary toxins for signaling: Reactive oxygen 
species, nitric oxide and hydrogen sulfide in plant cell regulation. Frontiers in 
Plant Science, 8, 189. 
Hancock JT. 2019. Considerations of the importance of redox state for reactive 
nitrogen species action. Journal of Experimental Botany 70, 4323-4331.  
Hancock JT, Hancock TH. 2018. Hydrogen gas, ROS metabolism and cell 
signaling: Are hydrogen spin states important? Reactive Oxygen Species, 6, 
389–395. 
Hancock JT, Neill SJ. 2019. Nitric oxide: its generation and interactions with other 
reactive signaling compounds. Plants (Basel). 8(2), 41.  
Hancock JT, Whiteman M. 2014. Hydrogen sulfide and cell signaling: team player 
or referee? Plant Physiology and Biochemistry. 78, 37-42. 
Hancock JT, Whiteman M. 2016. Hydrogen sulfide signaling: Interactions with nitric 
oxide and reactive oxygen species. Annals of the New York Academy of 
Sciences, 1365, 5-14. 
Hancock JT, Whiteman M. 2018. Cellular redox environment and its influence on 
redox signalling molecules. Reactive Oxygen Species, 5 (14). 
Hashida S-n, Kawai-Yanada M. 2019. Inter-organelle NAD metabolism 
underpinning light responsive NADP dynamics in plants. Frontiers in Plant 
Science doi.org/10.3389/fpls.2019.00960. 
He L, He T, Farrar S, et al., 2017. Antioxidants maintain cellular redox homeostasis 
by elimination of reactive oxygen species. Cell Physiology and Biochemistry 
44, 532-553. 
Heinrich TA, da Silva RS, Miranda KM, et al. 2013. Biological nitric oxide 
signalling: chemistry and terminology, British Journal of Pharmacology 169, 
1417–1429. 
Hiscock SJ, Bright J, McInnis SM, et al., 2007. Signaling on the stigma: Potential 
new roles for ROS and NO in plant cell signaling. Plant Signaling and 
Behavior 2, 23-24. 
Hogg N, Singh RJ, Kalyanaraman B. 1996. The role of glutathione in the transport 
and catabolism of nitric oxide. FEBS Letters, 382, 223-228. 
Holzmeister C, Gaupels F, Geerlof A, et al., 2015. Differential inhibition of 
Arabidopsis superoxide dismutases by peroxynitrite-mediated tyrosine 
nitration. Journal of Experimental Botany 66, 989-99. 
Hu J, Yang H, Mu J, et al., 2017. Nitric oxide regulates protein methylation during 
stress responses in plants. Molecular Cell 67, 702-710.e4. 
Huang H, Ullah F, Zhou DX, et al., 2019. Mechanisms of ROS regulation of plant 
development and stress responses. Frontiers in Plant Science 10, 800.  
Hutter DE, Till BG, Greene JJ. 1997. Redox state changes in density-dependent 
regulation of proliferation. Experimental Cell Ressearch 232, 435-438. 
Hwang C, Sinskey AJ, Lodish HF. 1992. Oxidised redox state of glutathione in the 
endoplasmic reticulum. Science 257, 1496-1502. 
Iida A, Nosaka N, Yumoto T, et al., 2016. The clinical application of hydrogen as a 
medical treatment. Acta Medica Okayama 70, 331-337. 
Jeandroz S, Wipf D, Stuehr DJ, et al., 2016. Occurrence, structure, and evolution 
of nitric oxide synthase-like proteins in the plant kingdom. Science Signaling 9 
(417) re2.  
Jeffery CJ. 2018, Protein moonlighting: what is it, and why is it important? 
Philosophical Transactions of the Royal Society London B Biological Sciences 
373, 20160523. 
Jia C, Shi Y, Xie K, et al., 2019. Vph2 is required for protection against a reductive 
stress in Candida albicans. Biochemical and Biophysical Resesarch 
Communications, 512, 758-762. 
Jones DP, Maellaro E, Slater AFG, et al. 1995. Effects of N-acetyl-L-cysteine in T-
cell apoptosis are not mediated by increased cellular glutathione. Immunology 
Letters 45, 205-209. 
Jones DP, Carlson JL, Mody VC, et al. 2000. Redox state of glutathione in human 
plasma. Free Radical Biology and Medicine 28, 625-635. 
Jones DP, Sies H. 2015. The redox code. Antioxidants and Redox Signaling 23, 
734-746. 
Kanta Gaihre Y, Bible WD, Singh U, et al., 2019. Quantifying nitric oxide emissions 
under rice-wheat cropping systems. Environmental Pollution 250, 856-862. 
Kim D-H, Jang J-H, Kwon O-S, et al., 2020. Nuclear factor erythroid-derived 2-like 
2-induced reductive stress favors self-renewal of breast cancer stem-like cells 
via the FoxO3a-Bmi-1 axis. Antioxidants and Redox Signaling (in press). 
Kirlin WG, Cai J, Thompson SA, et al. 1999. Glutathione redox potential in 
response to differentiation and enzyme inducers. Free Radical Biology and 
Medicine 27, 1208-1218. 
Kolbert Z, Feigl G, Bordé Á, et al., 2017. Protein tyrosine nitration in plants: 
Present knowledge, computational prediction and future perspectives. Plant 
Physiology and Biochemistry 113, 56-63. 
Kolbert Zs, Barroso JB, Brouquisse R et al., 2019. A forty year journey: the 
generation and roles of NO in plants. Nitric Oxide 93, 53-70. 
Koppenol WH. 1997. The chemical reactivity of radicals. K.B. Wallace (Ed.), Free 
Radical Toxicology, Taylor and Francis, London, 3–14. 
Lancaster, Jr. 2015. Nitric oxide: a brief overview of chemical and physical 
properties relevant to therapeutic applications. Future Science OA 1, FSO59. 
Leon L, Costa-Broseta A. 2020. Present knowledge and controversies, 
deficiencies, and misconceptions on nitric oxide synthesis, sensing, and 
signaling in plants. Plant Cell and Environment 43 (in press). 
Li Q, Lancaster JR Jr. 2013. Chemical foundations of hydrogen sulfide biology. 
Nitric Oxide 35, 21-34. 
Li HM, Shen L, Ge JW, Zhang RF. 2018. The transfer of hydrogen from inert gas to 
therapeutic gas. Medical Gas Research 7, 265-272. 
Lindermayr C. 2018. Crosstalk between reactive oxygen species and nitric oxide in 
plants: Key role of S-nitrosoglutathione reductase. Free Radical Biology and 
Medicine 122, 110-115. 
Lindermayr C, Saalbach G, 2005. Proteomic identification of S-nitrosylated 
proteins, Plant Physiology 137, 921–930. 
Lisjak M, Teklic T, Wilson ID, et al., 2013. Hydrogen sulfide: Environmental factor 
or signalling molecule? Plant Cell and Environment 36, 1607-1616. 
Mailloux RJ, Treberg JR. 2016. Protein S-glutathionlyation links energy metabolism 
to redox signaling in mitochondria. Redox Biology 8, 110-8 
Mata-Pérez C, Sánchez-Calvo B, Padilla MN, et al. 2016. Nitro-fatty acids in plant 
signaling: nitro-linolenic acid induces the molecular chaperone network in 
Arabidopsis. Plant Physiology 170, 686-701. 
Mur LA, Carver TL, Prats E. 2006. NO way to live; the various roles of nitric oxide in 
plant-pathogen interactions. Journal of Experimental Botany 57, 489-505. 
Niu H, Zhang Y, Zhao F, et al., 2019. Reductive stress imaging in the endoplasmic 
reticulum by using living cells and zebrafish. Chemical Communications 
(Camb) 55, 9629-9632. 
Olas B. 2015. Hydrogen sulfide in signaling pathways. Clinica Chimica Acta. 439, 
212-218. 
Palma JM, Freschi L, Rodríguez-Ruiz M, et al. 2019. Nitric oxide in the physiology 
and quality of fleshy fruits. Journal of Experimental Botany 70, 4405-4417. 
Pan X, Song X, Wang C, et al., 2019a. H2Se induces reductive stress in HepG2 
cells and activates cell autophagy by regulating the redox of HMGB1 protein 
under hypoxia. Theranostics 9, 1794-1808. 
Pan X, Zhao, Y, Cheng T, et al., 2019b. Monitoring NAD(P)H by an ultrasensitive 
fluorescent probe to reveal reductive stress induced by natural antioxidants in 
HepG2 cells under hypoxia. Chemical Science 10, 8179-8186. 
Parsanathan R, Jain SK. 2018. Hydrogen sulfide increases glutathione 
biosynthesis, and glucose uptake and utilisation in C2C12 mouse myotubes. 
Free Radical Research 52, 288-303. 
Pérez-Torres I, Guarner-Lans V, Rubio-Ruiz ME. 2017. Reductive stress in 
inflammation-associated diseases and the pro-oxidant effect of antioxidant 
agents. International Journal of Molecular Sciences 18; pii: E2098. 
Qu Y, Yan M, Zhang Q. 2017. Functional regulation of plant NADPH oxidase and its 
role in signaling. Plant Signaling and Behavior 12, e1356970. 
Quiles JM, Narasimhan M, Mosbruger T, et al., 2017. Identification of 
transcriptome signature for myocardial reductive stress. Redox Biology 13, 
568-580. 
Rahman I, Kode A, Biswas SK. 2006. Assay for quantitative determination of 
glutathione and glutathione disulfide levels using enzymatic recycling method. 
Nature Protocols 1, 3159-3165. 
Rodríguez-Ruiz M, González-Gordo S, Campos MJ, et al. 2019, Sweet pepper 
(Capsicum annuum L.) fruits contain an atypical peroxisomal catalase that is 
modulated by reactive oxygen and nitrogen species. Antioxidants (Basel) 8, 
374. 
Rost J, Rapoport S. 1964. Reduction-potential of glutathione. Nature 201, 185.  
Russell G, Veal D, Hancock JT. 2020. Is glyceraldehyde-3-phosphate 
dehydrogenase a central redox mediator? Reactive Oxygen Species 9, 48-69. 
Sanz L, Albertos P, Mateos I, et al., 2015. Nitric oxide (NO) and phytohormones 
crosstalk during early plant development. Journal of Experimental Botany 66, 
2857-2868. 
Schafer FQ, Buettner GR. 2001. Redox environment of the cell as viewed through 
the redox state of the glutathione disulfide/glutathione couple. Free Radical 
Biology and Medicine 30, 1191-1212. 
Selemidis S, Dusting GJ, Peshavariya H, et al., 2007. Nitric oxide suppresses 
NADPH oxidase-dependent superoxide production by S-nitrosylation in 
human endothelial cells. Cardiovascular Research 75, 349–358. 
Shivaraj SM, Vats S, Bhat JA, et al. 2020. Nitric oxide and hydrogen sulfide 
crosstalk during heavy metal stress in plants. Physiologia Plantarum 168, 
437-455. 
Sies H. 2017. Hydrogen peroxide as a central redox signaling molecule in 
physiological oxidative stress: oxidative eustress. Redox Biology 11, 613-619. 
Singh Mavi P, Singh S, Kumar A. 2019. Reductive stress: new insights in 
physiology and drug tolerance of Mycobacterium. Antioxidants and Redox 
Signaling (in press). 
Spanidis Y, Veskoukis AS, Papanikolaou C, et al., 2018. Exercise-induced 
reductive stress is a protective mechanism against oxidative stress in 
peripheral blood mononuclear cells. Oxidative Medicine and Cellular 
Longevity 2018, 3053704. 
Speckmann B, Steinbrenner H, Grune T, et al. 2016. Peroxynitrite: From 
interception to signaling. Archives of Biochemistry and Biophysics 595, 153-
160. 
Suzuki N. 2019. Temperature stress and responses in plants. International Journal 
of Molecular Sciences 20, 2001. 
Tejero J, Shiva S, Gladwin MT. 2019. Sources of vascular nitric oxide and reactive 
oxygen species and their regulation. Physiological Reviews 99, 311–379. 
Tirla A, Rivera-Fuentes P. 2018. Induction of intracellular reductive stress with a 
photoactivatable phosphine probe. Chimia (Aarau). 72, 241-244. 
Torreggiani A, Domènech J, Tinti A. 2009. Structural modifications in metal 
complexes of a plant metallothionein caused by reductive radical stress: a 
Raman study. Journal of Raman Spectroscopy 40, 1687-1693. 
Tropea T, Wareing M, Greenwood SL, et al., 2018. Nitrite mediated vasorelaxation 
in human chorionic plate vessels is enhanced by hypoxia and dependent on 
the NO-sGC-cGMP pathway. Nitric Oxide 80, 82-88. 
Trotter EW, Grant CM. 2002. Thioredoxins are required for protection against a 
reductive stress in the yeast Saccharomyces cerevisiae. Molecular 
Microbiology 46, 869-878. 
Wadley AJ, Holliday A, Morgan RG, et al., 2018. Preliminary evidence of reductive 
stress in human cytotoxic T cells following exercise. Journal of Applied 
Physiology (1985) 25, 586-595. 
Wang J, Wang Y, Lv Q, et al., 2017. Nitric oxide modifies root growth by S-
nitrosylation of plastidial glyceraldehyde-3-phosphate dehydrogenase. 
Biochemical and Biophysical Research Communications 488, 88-94. 
Whiteman M, Li L, Kostetski I, et al., 2006. Evidence for the formation of a novel 
nitrosothiol from the gaseous mediators nitric oxide and hydrogen sulphide. 
Biochemical and Biophysical Research Communications 343, 303-310. 
Wilson HR, Veal D, Whiteman M, et al., 2017. Hydrogen gas and its role in cell 
signalling. CAB Reviews 12, 045, 1-3. 
Xiao W, Loscalzo J. 2019. Metabolic responses to reductive stress. Antioxidants 
and Redox Signaling (in press). 
Zechmann B, Mauch F, Sticher L, et al. 2008. Subcellular Immunocytochemical 
Analysis Detects the Highest Concentrations of Glutathione in Mitochondria 
and Not in Plastids. Journal of Experimental Botany, 59, 4017-4027. 
Zeng, J., Ye, Z., Sun, X. 2014. Progress in the study of biological effects of 
hydrogen on higher plants and its promising application in agriculture. Medical 
Gas Research, 4, 1-7.  
Zhu Y, Liao W, Wang M, et al., 2016. Nitric oxide is required for hydrogen gas-





Figure 1: NO interacts with other reactive molecules. 
 
Figure 2: Thiol modifications: a simplified scheme to highlight the competition 
between NO and other reactive signalling molecules. The thiolate (-S-), and 
interconversions of one form to another are not shown. Reaction with NO highlighted 
in black.  
 
Figure 3: The redox “Goldilocks Zone”. A schematic to show how the intracellular 
redox may fluctuate but stays within safe limits. If it becomes too reducing, reductive 
stress may result. Figure adapted from Alleman et al. (2014). 
 
